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NOMENCLATURE 
longitudinal acceleration, g 
normal acceleration, g 
drag coefficient 
ram drag coefficient 
lift coefficient 
pitching-moment coefficient 
effective pitch damping derivative, per rad 
thrust coefficient 
longitudinal force coefficient 
normal force coefficient 
mean aerodynamic chord, ft 
acceleration of gravity 
moment of inertia about the X- Y- and Z-axis, slug-ft squared 
product of inertia, slug-ft squared 
Mach number 
engine air mass flow rate, slugs/sec 
mass, slugs 
engine fan rpm, percent 
atmospheric pressure, Ib/ f t 2  
roll, pitch, and yaw rates, rad per sec 
dynamic pressure, lb /  f t 2  
wing area, f t 2  
airspeed, ft/sec or knots 
gross weight, lb 
longitudinal distance (averaged) from engine inlets to the c.g. 
vertical distance (averaged) from engine inlets to the c.g. 
angle of attack, deg or rad 
elevator, spoiler or thrust control variable 
USB flap deflection, deg 
state or measurement variable 

Subscripts 
e elevator 
0 initial condition 
i indicated value 
S direct lift control spoilers 

Abbreviations 
a.c. aerodynamic center 
D L C  direct lift control 
M A C  mean aerodynamic chord, ft 
USB upper-surface blown (flaps) 
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Column headings identifying the stability derivatives in Table 1 through Table 6 refer to the following 
definitions. 

dCZ CZA= - dCm CMA= - dCx CXA= - 
d a  d a  d a  

dCx CXA2 = - 
da2 

dCZ 
d a 2  

CZA2= - CMA2 = dCm 

dCx 
dhe 

CXDE= - 

dCX CXAD = - 
d( E) 

dCm CMAD= - E z  CZAD = - 
d( 5)  d( $$) 

dCx 
dS,2 

CXDE2 = - dCZ 
dS,2 

CZDE2= - 

dCx 
da3 

CXA3 = - dCZ 
da3 

CZA3 = - dCm CMA3 = - 
da3 

In these headings, XCG is the c.g. location in percent MAC, and VE is the initial equivalent airspeed, 
knots 

An effective damping-in-pitch derivative is defined as follows: 

dCm dCm Cm,e = - + - 45) 45) 

iv 



SUMMARY 

Flight experiments have been conducted to evaluate various aerodynamic characteristics of the Quiet 
Short-Haul Research Aircraft (QSRA), an experimental aircraft that makes use of the upper-surface blown 
(USB) powered-lift concept. Time-history records from maneuvers performed with the aircraft in landing- 
approach and take-off configurations (with its stability augmentation system disengaged) were analyzed 
to obtain longitudinal stability and control derivatives and performance characteristics. The experiments 
included measuring the aircraft responses to variations in the deflection of direc t-lift-control spoilers and 
to thrust variations, as well as to elevator inputs. Most of the results are given for the aircraft in a landing 
configuration with the USB flaps at 50 '. For this configuration, if the static longitudinal stability is defined 
as the variation of the pitching-moment coefficient with the lift coefficient at a constant thrust coefficient, 
this stability decreases significantly with increasing angle of attack above 9". Also, for this configuration, 
at small and negative angles of attack and high levels of thrust, the elevators and the horizontal stabilizer 
lost effectiveness owing to incipient stalling, but this occurred only during unsteady maneuvers and for 
brief time intervals. 



INTRODUCTION 

The Quiet Short-Haul Research Aircraft (QSRA) is an experimental transport aircraft designed to 
study various characteristics of a configuration that employs the upper surface blown (USB) flap technol- 
ogy to achieve short take-off and landing (STOL) capability. Flight investigations with the aircraft during 
the past several years have demonstrated that this configuration offers such a capability, and that its design 
goals, including high usable lift coefficients, reduced noise levels, and effective controllability throughout 
its operating envelope have been realized. However, this aircraft, in common with other high-wing-loading 
STOL transports that use powered- lift technology, when operating in a landing approach configuration at 
low speeds, displays poor longitudinal stability and experiences large trim changes with variations in flap 
deflection angles and thrust. Because of this, these types of aircraft generally require stability and control 
augmentation to achieve satisfactory handling characteristics. For the design of some proposed augmen- 
tation systems, such as the one described in reference 1, it is necessary to have an accurate model of the 
aerodynamics of the basic aircraft. This report describes a flight investigation which provides information 
that is applicable to choices of the longitudinal stability and control characteristics to be incorporated into 
such a model. 

Aerodynamic data have been available from tests of a large-scale wind tunnel model designed to 
represent the major features of this research aircraft; i.e., its wing, nacelle, and flap configurations, as 
well as its engine-exhaust flow characteristics. These tests covered a large range of thrust coefficients and 
angles of attack (refs. 2 and 3). Lift and drag data from early flight tests of the QSRA generally agreed 
with the wind tunnel measurements, but some significant differences were evident, differences apparently 
associated with different patterns of flow separation on the wing and flaps. The effects are seen in the 
differences in the variations with angle of attack of lift-curve slopes and aerodynamic center locations (of 
the wing-body components). Because of such differences, which were observed in results from early tests 
covering a rather limited range of flight conditions, it was concluded that flight measurements were needed 
for a larger range of conditions. 

Results from a flight program designed to measure some of the lift and drag Characteristics of the 
QSRA in proposed landing-approach and take-off configurations have been reported in references 4,5,6, 
and 7. These results were obtained from quasi-steady flight maneuvers, a procedure in which, after the 
pilot sets the configuration, the thrust level and a selected high airspeed, the speed is gradually decreased 
in a series of steps until some minimum speed or maximum angle of attack is reached. The aerodynamic 
characteristics of an aircraft can also be determined from dynamic maneuvers (for an example, see Gerlach 
(ref. 8)). The longitudinal characteristics of the QSRA presented in this report were obtained from such 
maneuvers generated as the responses to the pilot’s application of elevator, throttle, or DLC spoiler inputs. 
A single maneuver covers a range of angles of attack and thrust coefficients in a relatively short time, 
thus the time needed to acquire flight data on a variety of configurations can be significantly decreased by 
employing such maneuvers rather than the quasi-steady tests. In addition, because this type of maneuver 
generates pitching velocities, airspeed variations, and normal accelerations, it allows the determination not 
only of static aerodynamic coefficients, but also of control effectiveness and dynamic stability derivatives. 
The dynamic maneuvers providing the data presented in this report were performed with the aircraft in three 
configurations, two corresponding to those for landing approaches and one for take-off. For one landing 
approach configuration, the flight program included tests at several levels of engine thrust and with several 
initial airspeeds. 

1 

1 
2 



Various parameter-estimation computation procedures are available to use in extracting stability deriva- 
tives and other aerodynamic information from the time history records of such maneuvers. To obtain the 
results presented in this report, the records were analyzed with a linear regression estimation procedure 
described in reference 9. In the equations used to represent the dynamic behavior of the aircraft, it was 
assumed that the accelerations varied linearly with each variable except angle of attack and (in several 
solutions) the elevator angle. In most of the calculations, a second order variation with angle of attack was 
assumed, but for a few of the maneuvers, better results were obtained when a third order expression was 
assumed for the angle of attack variation. 
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THE RESEARCH AIRCRAFT 

The QSRA is a high wing transport designed and fabricated under contract to NASA by the Boeing 
Aircraft Company. It is a highly modified deHavilland C-8A Buffalo on which the original wing and en- 
gines were replaced with a new propulsive-lift wing and four nacelle-mounted Lycoming YF- 102 turbofan 
engines. The mixed flow comprising the engine exhaust and fan efflux is directed over trailing- edge flaps 
behind the nacelles to increase the circulation lift and, when the flaps are deflected, to provide thrust vec- 
toring. In addition to these USB flaps, the wing is fitted with conventional slotted flaps extending from 
47 percent to 70 percent of the semispan. When the slotted flaps are deflected, the ailerons, which are pro- 
vided with bleed-air boundary-layer control, are symmetrically drooped. Fixed leading-edge flaps extend 
from the outboard nacelles to the wing tips. 

Spoilers located on the wing upper surface ahead of the slotted flaps provide two types of control 
functions. Besides augmenting the aileron lateral control, they can be symmetrically actuated to provide 
direct lift control. The spoilers consist of two surfaces on each wing, an inboard panel extending spanwise 
from 48 to 59 percent semispan and an outboard panel from 59 to 7 1 percent semispan. One of the maneu- 
vers in the program described here was performed with only the outboard spoilers active, the inner panels 
being undeflected. The pilot’s cockpit control allows the spoilers to be deflected at rates of up 50 degrees 
per second for direct lift control. 

Figure 1 presents a sketch of the aircraft and various physical characteristics of its major components 
and control surfaces. Figure 2 is a photograph showing the aircraft in a landing approach configuration. 
Angle-of-attack and sideslip vanes are mounted on the nose boom, which also contains the apparatus for 
Pitot-static measurements. Other measurements were taken from rate and attitude gyros, linear accelerom- 
eters, and transducers for measuring positions of all control surfaces, engine variables, and ambient air 
conditions. Data from these instruments were recorded at a rate of 100 Hz on board the aircraft and si- 
multaneously at a ground station via telemetry. All of the measurements except those on which the thrust 
calculations were based were made with two independent sets of instrumentation. One set had been in- 
stalled when the aircraft was delivered by the manufacturer (Boeing Co.) and is identified in this report 
as the analog set. The other, called the digital or Sperry set, was installed as part of a research program 
to investigate various control augmentation systems employing a flight-control digital computer. There 
were always some differences in the measurements between the two sets, usually caused by instrument 
biases. In a few cases there was major noise contamination of one or more of the analog variables, so that 
the availability of an alternate set allowed the data to be reduced and analyzed. The digital accelerometer 
records always had significantly less random noise, which may have been the result of a difference in the 
mountings of the instruments, i.e., better isolation of structural vibration with the digital instrument. The 
cycle time of the on-board computer required that the digital data be recorded at 20 Hz. Although process- 
ing of the analog data could take advantage of a higher frame rate, some early comparisons of the results 
of analysis using rates of 50 and 20 indicated that there was very little improvement from using the higher 
rates. For this reason, all of the analyses for both sets of data are based on the 20-Hz data rate. 

Among the various flight maneuvers, the aircraft gross weight ranged from 43,000 to 58,000 lb, de- 
pending upon the amount of fuel on board at the time during a flight when the test was conducted. Figure 3 
shows the c.g. location and the moment of inertia about the pitch axis as functions of weight. 
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Figure 2. The QSRA aircraft in a landing approach configuration. 
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Figure 3. QSRA c.g. location and moment of inertia about the pitch axis vs. aircraft gross weight. 
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FLIGHT EXPERIMENTS 

Results presented in this report were obtained by analyzing time histories of variables recorded during 
longitudinal dynamic maneuvers produced by the various control inputs that the pilots applied i.e., varia- 
tion of the elevator angle, the direct lift control (DLC) spoiler angle, or the engine thrust. In a typical case 
the pilot was requested to first excite the motion with a throttle pulse and, after experiencing a response to 
this input, to excite a second response in the same maneuver with an elevator input. All of the tests were 
conducted with the slotted flaps set at (nominally) 59 O and with the ailerons at 23 O droop. For the majority 
of the tests, the DLC spoilers were not deflected and the USB flaps were set at 50°, an angle which in 
earlier tests was determined to be optimum for the QSRA during a landing approach. For a particular test 
maneuver, an initial airspeed or angle of attack was specified and the engine rpm was generally maintained 
at a constant specified fan speed, but as mentioned above, for some maneuvers the pilot briefly varied the 
engine speed as an input function. Figure 4 shows a typical set of time histories for one of these maneuvers. 
The flight program also included tests with another landing approach configuration (with the USB flaps at 
66 O )  and with a configuration selected for good short take-off performance, for which the USB flaps were 
not deflected. 

t 
--Ip- -12' 

0 20 40 60 80 100 120 
TIME, sec 

" L  -4 

85 r 

75'  
0 20 40 60 80 100 120 

TIME, sec 

Figure 4. Typical time history record of a maneuver resulting from a thrust-change input followed by an 
elevator input. Maneuver B4. 
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Design studies of certain augmentation command and control systems for the QSRA and other powered- 
lift aircraft have included the assumption that the aircraft would have direct lift control capability. The 
QSRA design provides this capability by means of symmetrical actuation of its upper surface spoilers. In 
order for the spoilers to provide positive as well as negative changes in flightpath angle or airspeed, the 
spoilers must be set at reference angle of deflection. For the experiments described here, this angle was 
selected to be approximately 15" and the USB flaps were set at 50". Data records from five maneuvers 
with the spoilers deployed have been analyzed. One maneuver was generated by two spoiler doublet in- 
puts in sequence; two were the responses to a spoiler input followed by an elevator input; and three were 
produced by elevator inputs only. 

In earlier studies (refs. 5 and 6), some aerodynamic characteristics of the QSRA were determined in 
flight with engine thrust levels corresponding to engine fan speeds ranging up to 89 percent. At the time 
the flights were conducted for the data in this report, however, the rpm of one engine was restricted to 
85 percent. In order to represent the aircraft in a condition typical of its normal expected operation, that 
is, with all engines providing about the same thrust, this maximum rpm limitation was applied to all of the 
engines throughout this flight program. 
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EQUATIONS OF MOTION 

The following equations were used to represent the longitudinal motion of the aircraft, referred to body 
axes and assuming a rigid airframe. Linear accelerations are in gravitational units (g’s) and are referred to 
the aircraft center of gravity (c.g.). Equations that transfer the measured accelerations to the c.g. are given 
in the appendix. Angular accelerations (p, q, and f) in radians per second per second were calculated as 
the time derivatives of the roll, pitch, and yaw rates. 

where X, and 2, are, respectively, the averages of the X- and 2-distances from the engine inlets to the c.g. 
The longitudinal and normal force coefficients are assumed to be given by the expressions 

with the state and input variables defined as follows. The state variables are 

and the input variables are 
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RESULTS 

Table 1 through table 6 list the test conditions and aerodynamic stability derivatives obtained from 
the parameter estimation calculations. In table 1 the first three columns identify the flight maneuvers. The 
letter in the first column denotes a particular configuration. The letters A, B, and C denote, respectively, 
tests with USB flap deflection angles (column five) of 50 ", 66 ", and 0 " with the DLC spoilers undeflected. 
Configurations D and E represent tests during which the spoilers were deflected and the USB flaps were 
at 49". The tests designated as D1 through D5 differ from El  in that the latter was done with only the two 
outboard spoiler panels deployed. The second and third columns in table 1 indicate the flight number and 
the order in which a particular maneuver was performed on that flight. The fourth column gives the code, 
either D or A, to indicate, respectively, whether the results were obtained by processing the set of data 
records from the Sperry digital or from the Boeing analog instrumentation. Also shown in table 1 for each 
maneuver are the following: the initial thrust coefficient and angle of attack; their ranges of variation during 
the maneuver; the aircraft c.g.; the initial normal-force, axial-force, and pitching-moment coefficents; and 
the initial equivalent airspeed. In computing the force and moment coefficients in this and the following 
tables, the contribution due to ram drag has been subtracted. Presentation of the coefficients without the 
ram drag contribution allows comparison of aerodynamic data obtained from maneuvers performed at 
different pressure altitudes and ambient temperaures. 

Table 2 shows the following derivatives: normal and axial force coefficients and pitching-moment 
coefficients with respect to angle of attack, these same coefficients with respect to the cy increment squared, 
and these coefficients with respect to the thrust coefficient, CT. Table 3 shows the effectiveness of the DLC 
spoilers as calculated from the data representing the maneuvers mentioned earlier during which the spoilers, 
after having been set at an initial angle of approximately 15", were actuated by the pilot so as to move to 
zero, then to about 28", and back to 15". In the table, the derivatives are given as force coefficients at 
constant angle of attack both in body axes and in lift and drag (stability) axes. The maneuver identified 
as E l  in the table was performed with the two inboard spoilers at zero deflection, so that only the two 
outboard spoilers were deflected and actuated during the test. 

Table 4 presents the elevator effectiveness derivatives and derivatives with respect to pitch rate q and 
angle-of-attack rate tr. Where values are enclosed in parentheses, they were not obtained from the data 
analysis but instead were entered as fixed quantities. Earlier parameter estimation calculations performed 
to obtain the normal and axial forces due to elevator angle had indicated that in most cases the data records 
were not adequate to yield reliable values for these derivatives. In cases where the pitching-moment vari- 
ation with elevator angle shown in the table was fixed, the maneuver was entirely the result of an engine 
thrust input by the pilot, so that there was no response to an elevator input. In the calculations to obtain the 
angle-of- attack rate and pitch rate derivatives, one or the other was fixed because of the well-known cor- 
relation of these variables. In the instances when both CZQ and CZAD are shown as fixed, there appeared 
to be insufficient excitation of the pitch rate to permit extraction of reliable values for these normal force 
derivatives. 1 

10 

Table 2 through table 4 show stability derivatives obtained when the data records were analyzed 
with the basic set of dynamic stability equations in which the forces and moments are assumed to vary 
linearly with elevator angle and as a second degree function of angle of attack. For several of the tests, it 
was found that improved agreement of the computed responses and the measurements could be obtained 
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Table 3. DLC spoiler effectiveness. USB flaps, 50 '. 

RUN FLTNO.AND INIT. INIT. CZDS CXDS CMDS CLDS CDDS 
ID RUN CODE CT ALPHA PER PER PER PER PER 

DEG RAD RAD RAD RAD RAD 

D1 432 D D .88 9.44 2.04 -.056 .025 -2.03 -.300 
D1 432 D A .88 10.17 2.32 .025 .005 -2.28 -.433 
D3 432 F D .97 - 3.23 1.42 -.005 .007 -1.42 .085 
D3 432 F A .97 - 3.38 1.24 -.005 -.021 -1.24 .075 
E 1" 4 0 2 A D  1.45 - 2.30 -90 -.046 .03 1 - .90 .082 
El" 4 0 2 A A  1.45 - 2.65 1.17 .018 .025 -1.16 .034 

'Only the two outboard spoilers were deployed during maneuver El. 

if one or both of two other terms were added to these equations. These terms make the accelerations 
functions of the elevator angle squared, and the third power of angle of attack. Table 5 presents the elevator 
pitching-moment effectiveness derivatives obtained when the second order elevator term was included in 
calculations for four of the maneuvers. There was no significant benefit in adding the terms to the normal 
or the axial force equations. Table 6 presents the force and pitching moment derivatives that resulted from 
using the third order angle-of-attack terms as well as the second order elevator-effectiveness term. 

An important part of the determination of stability derivatives obtained by use of a parameter esti- 
mation procedure is the evaluation of levels of confidence in the accuracy of the estimates. In the flight 
program carried out to acquire data for this report, it was possible in some cases to improve the confidence 
levels by performing more than one maneuver at the same test conditions and obtaining similar results. Be- 
cause the airplane had been furnished with two independent systems of flight data instrumentation, there 
was also a basis for an improved level of confidence when the estimates derived from both sources were in 
agreement. Some sources of errors were recognized as the commonly observed effects of the correlation 
of variables. These effects are discussed in the section on aerodynamic damping and elevator effective- 
ness. The time histories of the lift, drag and moment coefficients computed with the estimated parameter 
values were compared graphically with plots of these coefficients determined from the data measurements 
for all test maneuvers. In the case of one maneuver, the test identified as C1, a satisfactory match was not 
achieved. For the other solutions, the comparisons indicated that the computed variations agreed well with 
the measurements; an example is shown in figure 5. 
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Table 5. QSRA longitudinal dynamics tests. Nonlinear elevator effectiveness 2. 
RUN FLTNO.AND INIT. INIT. USB CMDE CMDE2 

ID RUN CODE Cr ALPHA FLAP 
DEG DEG 

.o - 2- 

m a 
'0 
i o n -bU Lo 

I 1 I I I 1 I 1 -6 

A1 363 A D 1.42 -2.46 49.0 -2.78 -4.09 
A3 363 C D 2.24 6.73 48.9 -2.89 -3.09 
A3 363 C A 2.24 5.99 48.9 -3.05 -1.59 
A7 364 D D 2.04 0.80 49.4 -2.72 -3.51 
A7 364 D A 2.04 0.12 49.4 -2.74 -2.72 
B2 409 B D 1.71 1.41 65.5 -2.44 -2.74 
B2 409 B A 1.71 1.77 65.5 -2.28 -1.68 

-+* 
I 1 1 1 I 1 1 1 

FLIGHT 
------ COMPUTED 

Figure 5. Comparison of computed and measured Co, CL, and C, time histories together with the corre- 
sponding Cr and 6, time histones. 
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DISCUSSION 

Upper Surface Blown Flaps at 50" 

The aerodynamic coefficients and stability derivatives presented in tavlzs 1 and 2 were used to com- 
pute lift, drag, and pitching-moment curves for the aircraft at various assumed constant thrust coefficients. 
The curves are for the angle-of-attack ranges covered during the maneuvers and for thrust coefficients near 
the averages of their ranges. In figure 6 these curves are plotted for a USB flap angle of 50" and values for 
CT of 0.9, 1.7, and 2.2,  calculated using the derivatives from the digital sets of data records from ma- 
neuvers A8, Al ,  and A3, respectively. In figure 7 the lift curves are compared with predictions based upon 
wind tunnel tests of the large scale model mentioned earlier. For the wind tunnel data, the lift coefficients 
were obtained at the thrust coefficients shown by interpolation, and adjustments for small differences in 
the flap angles are included. The slopes of the curves in this figure, i. e., the variation of CL with a and 
CT, show good agreement of the flight results with the predicted variations. The wind tunnel model had 
no horizontal tail. The flight-measured lift curves are displaced downward because of the negative lift pro- 
vided by the horizontal tail for longitudinal mm.  They represent the variation of CL with angle of attack 
with the elevator fixed at the deflection angle at the start of the maneuver. Reference 5 shows lift curves 
obtained from flight measurements that have slightly less slope than those in figure 7 because they are for 
steady trimmed flight, for which the elevator angle varies with lift coefficient. 

The pitching moment data plotted in figure 6 show that two of the curves (for Cr = 0.9 and 2.2)  have 
slopes indicating decreasing static stability as the lift increases. The other curve (for CT = 1.7) apparently 
did not show this characteristic only because its largest angle of attack was no larger than about 8.4", 
whereas the other two reached angles exceeding 13 ". Tests of the large-scale wind tunnel model mentioned 
earlier that has the same flap configuration but no horizontal tail showed pitching moment characteristics 
similar to those from the flight measurements, i.e., a forward movement of the aerodynamic center at higher 
angles of attack. Moment curves from the tunnel tests at two thrust coefficients, 0.9 and 1.9, are presented 
in figure 8. It cannot be determined from the flight data alone to what extent the decreased stability may 
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Figure 6. Lift, drag, and pitching-moment characteristics of the QSRA. USB flaps at 50". (a) CL vs. a; 
(b) CL VS. Co; (c) CL VS. C,. 
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I 
CT 
2.2 

FLIGHT - I --- WIND TUNNEL 
(b) 

I I 1 1 I 1 I I - 2 '  
-8 -4 0 4 8 12 16 .8 1.2 1.6 2.0 2.4 

a,  deg CT 

Figure 7. Lift characteristics of the QSRA compared with data from tests of a large-scale wind tunnel 
model. USB flaps at 50". (a) Ct vs. a; (b) Ct vs. CT. 

result from a change in downwash at the tail as a changes, but a forward movement of the a.c. of the wing 
and body is undoubtedly the reason for at least part of the stability change. Downwash in the region of 
the tail was measured with flow-angle probes in a separate study reported in reference 10. Although the 
downwash angles were somewhat variable with the lateral distance across the span of the tail, their slopes, 
2, did not generally increase as the angle of attack increased. (Note that to be comparable with the present 
report, the data in reference 10 must be converted from the downwash variation at constant thrust to the 
variation at a constant thrust coefficient. Also, the wing angles of attack must be reduced by 4.5 O so as to 
be referred to the fuselage reference line.) Other early studies aimed at determining the sources of various 
aerodynamic effects consisted of attaching tufts at locations on the airplane where flow separation was 
suspected. One observation from these studies was that under some high angle-of-attack conditions, there 
was separation on the rearward upper surfaces of the fuselage, which could be another contributor to the 
variations in static stability. 

A plot of pitching-moment coefficient vs. CL at constant CT illustrates a type of static stability relating 
to angle-of-attack variation at constant airspeed. Another type of longitudinal static stability can be defined 
as the variation of C, with CL assuming that the thrust is constant and the speed varies. For aircraft 
which have large variations of pitching moment with thrust coefficient, such as the QSRA (with the flaps 
deflected), this stability can be significantly different from that for constant CT. A pitching moment curve 
calculated in each of these two ways is plotted in figure 9, one for a thrust coefficient of 2.2 and one for a 
constant-thrust maneuver (for which C;. varies from 1.8 to 2.6). These curves are for a USB flap angle of 
50 O and were computed assuming the aircraft c.g. to be at 32 percent MAC, a location in the range typical 
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CT = 1.9 

3 '  I I 1 I I 

0 -.4 -.8 -1.2 -1.6 -2.0 
Cm 

Figure 8. Pitching moment characteristics measured in wind tunnel tests of a model representing the QSRA 
that has no horizontal tail. USB flaps at 50". 

of the QSRA flights. The figure shows substantially greater stability when based on the constant-thrust 
calculation compared with that for a constant thrust coefficient. 

The derivatives CZCT, CXCT, and CMCT shown in table 2 are, respectively, the variations of normal- 
force, axial-force, and pitching-moment coefficients with CT. Within the ranges of the tests, the magnitude 
of CZCT decreased slightly with increasing CT and increased somewhat with angle of attack. The data 
show a small increase in CXCT with Cr, but little effect of angle-of-attack variation. Also, there was little 
effect on CMCT of varying either the angle of attack or the thrust coefficient. 

Upper-Surface Blown Flaps at 66 O 

Figure 10 presents lift, drag, and pitching-moment data from tests with the USB flaps set nominally 
at 66 ". Throughout the angle-of-attack ranges covered in the maneuvers, this larger flap angle increased 
the lift at a given angle of attack and a given thrust coefficient. As with the flaps at 50", the maneuvers 
were started with the airplane stabilized in steady flight at the angles of attack listed in table 1 as the initial 
conditions. For segments of the drag curves near these angles of attack, at a given lift coefficient, the drag 
is substantially greater with the USB flaps at 66" than that with the flaps at 50". For this condition, the 
aircraft angle of attack is approximately 6" smaller than that for the flaps at 50". 

Figure 11 shows a comparison of the airplane's characteristics with the USB flaps at 50" and 66" at 
a thrust coefficient of 2.2. With the USB flaps at 66 ", the moment curve does not display the decreasing 
static stability with increasing CL that is evident for the 50" flaps at comparable lift coefficients (but at 
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Figure 9. Comparison of pitching-moment curves calculated for constant Cr and for constant thrust. USB 
flaps at 50". 
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Figure 10. Lift, drag, and pitching-moment characteristics of the Q 
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.A. USB flaps at 66". (a) CL vs. a; 
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somewhat larger angles of attack). If separation on the upper aft regions of the fuselage causes some of the 
instability noted above for the 50 O configuration, the smaller angles of attack with the flaps at 66 O would 
be expected to result in a reduction in the amount of separation and, as a result, less change in stability. 

Table 2 shows for the 66 O flap angle, the rates of change of the force and pitching-moment coefficients 
with CT at small angles of attack. Compared with the data for aircraft with the USB flaps at 50 O and similar 
flight conditions, the magnitude of CZCT is greater by about 20 percent, and CXCT is smaller by about 
40 percent. The magnitude of CMCT is larger than that for the 50 O flap configuration by between 25 and 
35 percent. 

For some of the test conditions with the USB flaps at angles of both 50 O and 66 O ,  there is evidence 
that the elevator began to lose effectiveness, and under generally similar conditions the horizontal tail was 
at such large negative angles of attack that it was beginning to stall. When these effects occurred, they 
were noticeable in the pitching moment data as apparently anomalous variations in the static stability at 
high thrust levels, when the angle of attack was small. For these tests, solutions were obtained with the 
equations of motion modified to take these effects into account. These solutions are discussed later. 

Upper Surface Blown Flaps Undeflected 

The maneuvers identified in tables 1, 2, and 4 as C1 through C6 were tests performed with the USB 
flaps set at zero deflection and, as before, with the slotted flaps at 59 O and the ailerons drooped. Maneuvers 
C1, C2, and C3 began with the initial thrust levels all about the same (corresponding to values of CT 
between 0.58 and 0.65), but for most of test C1 the thrust coefficient was in the range from 0.35 to 0.47 
because the maneuver was generated by a step reduction in thrust applied after the first few seconds. As 
indicated in table 1, for tests C2 and C3 the thrust coefficients were in the range from 0.58 to 0.77. Higher 
thrust levels were set and maintained during tests C4, C5, and C6, producing thrust coefficients ranging 
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from 0.96 to 1.15 for test C4, from 1.07 to 1.39 for test C5, and from 0.55 to 1.34 for test C6, depending 
primarily on the ranges of the airspeeds. All of the maneuvers except C1 were responses to elevator inputs. 

In figure 12 the lift, drag and pitching-moment characteristics of the aircraft in the configuration with 
the USB flaps undeflected at a thrust coefficient of 1.1, calculated with the data from tests C5 and C6, are 
compared with these characteristics calculated with data from tests done with the flaps at 50 " (tests A9 and 
All). An indication of the effects of thrust and angle-of-attack variation on the static stability is provided 
by the values for CMA and CMA2 in table 2. They indicate that the aircraft is generally less stable when 
the average CT is less than 0.7 (maneuvers C1, C2, and C3) than if during a maneuver, CT is 1.0 or more 
(tests C4, C5, and C6). Data from the three tests at the smaller thrust coefficients show negative values for 
CMA2, indicating that the stability increased with angle of attack. At higher thrust coefficients, the data 
indicate little variation of the stability with cy within the ranges covered in the maneuvers. At angles of 
attack above 9", the calculated static stability is considerably greater when the USB flaps are undeflected 
than when they are at 50 ". Variation of the normal force coefficient with the thrust coefficient, CZCT, for 
the undeflected USB flaps was about the same as for the flaps at 50", but for the axial force, the derivative 
CXCT is larger by a factor of two to three. The pitching-moment derivative CMCT is about one-third that 
for the 50" flap configuration. 

A comparison of the results from the flight experiments for the aircraft with the USB flaps undeflected 
with those from the large-scale wind tunnel model mentioned above indicates that the variation of lift 
coefficient with thrust coefficient from the flight measurements is almost 30 percent greater than from the 
wind tunnel tests. With the USB flaps at 50°, the wind tunnel and flight results for this derivative were in 
fairly good agreement. 
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Direct Lift Control Spoilers Deployed 

The tests performed with the DLC spoilers set at approximately 15" and with the USB flaps at 50" 
are identified in the tables as D1 through D5 and El. During test El only the two outer spoiler panels 
were deflected, whereas for these other tests all four panels were deployed. The first maneuver, D1, was 
a response to the pilot's application of two doublet-type displacements of the spoilers, in sequence. For 
maneuvers D2, D4, and D5, the inputs were positive and negative elevator pulses, and maneuvers D3 and 
El  were responses to a spoiler doublet followed by elevator pulses. 

Plots showing lift and drag characteristics of the aircraft with the spoilers at 15" are presented in 
figure 13. They were computed with data from tables 1 and 2 and are compared with data for the aircraft 
with the spoilers undeflected. At a thrust coefficient of 0.9 and an angle of attack of -2", the spoilers 
produced a decrease in CL of 0.6 and a decrease in Co of about 0.04. At 10" angle of attack the data 
from tests D1 and D3 indicate slightly less effect on the drag and a decrease in the lift coefficient of only 
about 0.26. Tests of the large-scale wind tunnel model mentioned earlier indicated effects of the spoilers 
at angles of attack near zero that were similar to these flight results. However, at CY near 10" the wind 
tunnel data indicate that the spoilers were still as effective (in decreasing CL) as at small angles of attack, 
rather than showing the decreased effectiveness that the flight results display. At a thrust coefficient of 
1.5, the data in figure 13(b), representing angles of attack .from 0" to 5 " ,  indicate a decrease in CL of 
about 0.46 due to the spoiler deflection and a decrease in the drag coefficient of approximately 0.05. (No 
wind tunnel results were available at this thrust coefficient.) Of the five maneuvers during which the four 
spoiler surfaces were extended, the calculations for two of them, D1 and D3, produced values for CZA 
and CXA that correspond to rather small values for the lift-curve slopes, significantly smaller than those 
for the spoilers-retracted configuration. These were the maneuvers which included spoiler doublet inputs 
to generate the responses. Use of this method of exciting the motion may have had an adverse effect on 
the accuracy of the computation of the lift-curve slopes. 

A comparison of the characteristics of the airplane in steady flight with and without the spoilers ex- 
tended shows a different effect when only the two outer spoiler panels are extended. Compared with data 
from tests A1 and A2, at a thrust coefficient of 1.4, the test with the two spoilers deployed, El,  indicates 
that the lift coefficient did not decrease, but was equal to or even slightly greater than the lift with the spoil- 
ers retracted. Instead of a decreasing drag coefficient, this configuration indicates that the drag coefficient 
was about 0.06 greater with spoilers extended. An increase in the drag is consistent with the explanation 
of the change in the drag at constant angle of attack being dominated by changes in the induced drag. 

The static stability of the aircraft with the spoilers at 15", computed from the two maneuvers at the 
higher angles of attack, D1 and D2, is similar to that with the undeflected spoiler configuration at compa- 
rable angles of attack. At small and negative values of CY, data from tests D3 and El  indicate that as a result 
of the rather large negative values for CMA2 (shown in table 2), the computed static stability is sensitive to 
variations in CY. Within this angle of attack range, the stability is high at the larger angles, but it decreases 
considerably as CY is decreased. 

The three maneuvers during which the pilots actuated the DLC spoilers (Dl, D3, andEl), causing their 
deflection angles to vary in the range from 0" to about 28", produced responses that have been analyzed 
to obtain the variation of the lift, drag, and pitching-moment coefficients with the deflection angle. These 
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variations are the spoiler effectiveness derivatives, CLDS, CDDS, and CMDS, presented in table 3. Values 
for these derivatives are obtained from calculations in which the coefficients are assumed to vary linearly 
with the spoiler angle, as indicated in the equations of motion given earlier. The derivatives have been 
used to compute an effect on the lift of changing the angle from 0" to 15"; this effect has been compared 
with the effect of a change from flight with the spoilers retracted to flight with a constant 15" deflection. 
The values of the lift-effectiveness derivative CLDS in table 3 from test D1, in which a was near lo", 
indicate that for a spoiler angle of 15 ", there would be a decrease in the lift coefficient that is about twice 
that computed from the steady-flight data. If the lift increments determined from the transient response 
and from steady flight are compared at angles of attack represented by test D3, however, the angle of attack 
apparently has a significant effect. Data from test D3, for which the angle of attack ranged from about -5 " 
to 0", indicate that the decrease in lift coefficient due to the 15 " spoiler deflection based on CLDS would be 
less (by about 36 percent) than that computed from the data for steady flight with the two different spoiler 
deflections. 

The effect of spoiler deflection on the drag also depended on the angle of attack range. For a near 
lo", the drag coefficient as computed based on the transient-response data decreased by almost twice the 
amount obtained from the steady-flight calculation. At small negative angles of attack, data from the 
transient-response portion of test D3 indicate that the drag coefficient would increase by a small amount 
when the spoiler angle changes from 0" to 15", whereas the steady-flight calculations indicate that there 
would be a decrease by a slightly greater amount. 

With only the two outboard spoilers active, the results shown in table 3 for test E l  indicate that the lift 
decreases with spoiler deflecton by somewhat less than that with all four panels active. This rate of decrease 
in lift, however, corresponds to significantly greater effectiveness than that indicated by the change in lift 
based on a comparison of data for steady flight with the spoiler angles of 0" and 15". 

The wind tunnel investigation indicated that the variation of lift coefficient with spoiler deflection 
angle was quite nonlinear, decreasing in magnitude as the angles exceeded 10 ". To see if this nonlinearity 
would be observed in the flight results, the parameter estimation program was run with the assumption in the 
motion equations of a parabolic variation of the forces with spoiler deflection. These computations showed 
results similar to those fron the wind tunnel tests, that is, greater lift effectiveness at spoiler deflection 
angles less than 15". In the case of test D3, for which the angles of attack were near 0" and lower, these 
calculations indicated that for spoiler deflection angles between 0 " and 15 ", the variation of CL with spoiler 
angle was essentially the same as that computed from the data for the change from zero to a constant 15" 
spoiler setting. 

Results from tests D1 and E l  indicate that the computed response to the spoiler doublet inputs was 
a relatively large rate of decrease in lift with spoiler deflection, whereas the change in lift calculated as 
the difference in flight with constant spoiler deflection (15" and 0") was small. No explanation for this 
apparent lack of agreement has been found, although there may be time-dependent effects present when 
the spoilers move rapidly. If the equations of motion used in the calculations include the assumption that 
the variation of lift with spoiler deflection is parabolic, the lack of agreement is increased. 



Elevator Effectiveness and Aerodynamic Damping 

Table 4 presents the force and pitching-moment derivatives with respect to the elevator angle, pitch 
rate, and angle-of-attack rate &. There was considerable scatter in the estimated values for the derivatives 
CZDE and CXDE, the normal and axial forces due to elevator angle. For this reason when the data records 
were analyzed for most of the test maneuvers, the results shown are from calculations in which these 
parameters were fixed at the values indicated: -0.7 and 0.1, respectively. For a few cases in which the 
maneuvers were excited only by variations in the thrust with very little elevator movement, a fixed value 
of -3.2 was entered for CMDE instead of including it with the estimated parameters. The majority of the 
estimated values for CMDE are in the range from -3 .O to -3 .5 ,  and do not show significant effects of 
angle-of-attack or thrust variations. 

The derivatives with respect to pitch rate and to & were included separately in the equations of motion, 
so that the effects of setting different fixed values for one or the other could be studied. Such fixed values 
were computed based upon the theoretical lift characteristics of the horizontal tail, estimates of the wing 
downwash characteristics, and upon wind-tunnel data. Sometimes, a particular choice of a value for one of 
these derivatives yielded sets of estimated derivatives that were judged to be better than those from other 
solutions. However, the values listed in the tables are considered to be significant only if the derivatives 
with respect to the two variables (pitch rate and &) are added together. Thus, in the following discussion, 
the sum of CMQ and CMAD, identified as C,,e, is considered to be the effective damping in pitch. 

I 

I 

i 
The pitch rate and & derivatives usually cannot be separately estimated because these variables in 

general are correlated when the maneuvers are produced by an elevator input. Another correlation that 
is often observed is between the pitch rate and the elevator deflection, pointed out, for example, in ref- 
erence 8. In the flight program conducted for this report, because thrust variation and the deflection of 
the USB spoilers during some of the tests were inputs, there are two other possible correlations: a vertical 
acceleration due to thrust change correlated with the angle-of-attack rate, and (during different maneuvers) 
the vertical acceleration due to DLC spoiler deflection, also correlated with &. 

In figure 14, the effective pitch damping derivative Cmqe for the airplane with the USB flaps set at 50" 
(tests A1 through A l l )  is plotted vs. the initial thrust coefficient. For most of these tests, this derivative 
was computed to be between -55 and -75 per radian, with no appreciable effect of variation in Cr or cy. 
With the USB flaps set at 66 O ,  the damping estimates from tests B2, B3, and B4 are in the same range. The 
larger values for the effective damping computed from both the analog and the digital data records from 
test B1 appear to be an effect of the correlation mentioned above between the thrust (or Cr) variation and 
&. This is illustrated in figure 15, which shows this damping derivative plotted against CMCT from tests 
B1 and B3, two tests for which the initial conditions were similar. 

When the DLC spoilers were extended, the effective pitch damping was decreased to a range centered 
at about -46 per rad. The effective pitch damping estimates calculated from the digital and analog records 
of test D2 are noticeably larger than from the other tests for this configuration. This may be an anomaly 
resulting from a correlation of the pitch rate variation and the elevator angle, as evidenced by the values 
estimated for CMDE, which indicate greater elevator effectiveness than would be expected. A plot of 
this damping derivative vs. CMDE (2) is presented in figure l6(a). The estimated effective damping 
based on the analog data'records from tests D1 and D3 is significantly less than that computed from the 
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digital records. This reduction appears to be due to a correlation of the spoiler deflection and tu, having an 
effect primarily on the results from the analog data analysis. This is illustrated in figure 16(b), in which the 
effective damping derivative from these tests is plotted vs. CMDS (%). When the computations indicated 
a decreased level of damping, they yielded values for CMDS that are also smaller. 

A 
(a) 

I I 

When the USB flaps were undeflected, the effective pitch damping was generally between -50 and 
-60 per radian, slightly less than the range for the airplane with flaps deflected. However, one test, C1, 
indicates very small values for this damping. It may be that the method of exciting the longitudinal motion 
of the aircraft for this maneuver affected the results. As mentioned earlier, maneuver C1 was generated 
as a response to a step decrease in thrust, whereas all the other maneuvers performed with this flap setting 
were responses to elevator inputs. Table 2 indicates that other results obtained from the calculations for 
test C1 may be anomalous. The derivatives CZA (from both the digital and the analog records) appear to 
be too large (in absolute magnitude) and CMA appears to be too small in magnitude to be consistent with 
the other results. 

Decreased Elevator and Stabilizer Effectiveness 

When the USB flaps are deflected for landing approach (50" or 66") at high thrust coefficients, large 
negative pitching moments must be balanced by large down loads provided by the horizontal tail. When 
the flaps were at the larger angle, 66 ", the pilots observed situations when the elevators couId not provide 
enough nose-up moment to maintain a level attitude, even though the speed was well above a stall. The 
elevators apparently were losing effectiveness due to incipient flow separation on their lower surfaces. 
Some comments regarding the stalling on the elevator are included in reference 11, which mentions that 
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the effect is observed only at the lower altitudes (below 5000 ft) and at the maximum engine power, Le., 
near 89 percent rpm. The records from some of the test maneuvers performed to obtain data for this report 
give instances where there was also a loss in elevator effectiveness at lower levels of thrust and at a smaller 
USB flap angle. In these cases the elevators were being used to establish a pitch rate as well as to furnish 
the down load for mm. To improve the mathematical model in the parameter estimation calculations, this 
variation in effectiveness was taken into account by replacing the assumed linear variation of the pitching 
moment with elevator angle with a second order variation. Table 5 presents the results of incorporating this 
change in the moment equation in calculations for four maneuvers where the down load on the horizontal 
tail was predicted to be large. The negative values obtained for the derivative CMDE2 show that there 
is a significant degradation in the pitching-moment effectiveness provided by the elevators as they are 
deflected for nose-up control. This result indicates that there is a potential for achieving improved pitch 
control power by incorporating design changes such as a moveable stabilizer or provision for boundary- 
layer control on the elevator. 

Pitching-moment curves (plots of the variation of the moment coefficient with lift coefficient at con- 
stant Cr) computed from the parameters shown in table 2 for the aircraft with USB flaps at 50" indicate 
that when the maneuvers were performed at relatively high angles of attack, the static stability decreased 
as angle of attack increased. Some indication of the effect of angle of attack on this stability is provided 
by the values of CMA2 in table 2. It can be seen that this derivative has a negative value for several of 
the solutions: tests A2, B2, B3, E l ,  and from the analog data, test A10. In these cases, the computed 
static stability increases with angle of attack. During these flight maneuvers, the angle-of-attack ranges 
were relatively small, and at some time during each test, the angle of attack decreased to negative values 
below -2". The thrust coefficients were all relatively high. Other maneuvers covered larger angle-of- 
attack ranges, spanning the regions of both the negative curvature at small and negative values of a and 
the positive curvature at higher values of a. For these cases it was evident that the assumed second degree 
variation of the forces and moments with angle of attack was inadequate, so a term representing a deriva- 
tive with respect to the angle-of-attack increment cubed was included in the analysis of the data. Results 
from these maneuvers, tests Al ,  A3, A6, and A7, are presented in table 6. All except test A3 show fairly 
large values for the added pitching-moment derivative, CMA3. The smaller value for test A3 apparently 
occurs because the angles of attack were significantly larger initially and throughout most of the duration 
of the maneuver than those for the other three tests. 

Figure 17 shows pitching-moment plots computed for two thrust coefficients, 1.7 (from test Al) and 
2.6 (from test A7), with the parameters from table 6. The reduced static stability at low lift coefficients 
occurred at times of reduced normal acceleration and low airspeed. It was in effect for only a brief period 
of time during a push-over and evidently was not noticeable to the research pilots. It was followed by an 
increase in airspeed, which has the stabilizing effect of decreasing the thrust coefficient if the thrust is not 
increased. As in the case of the loss in elevator effectiveness, the reduced static stability is undoubtedly 
due to the decreased capability of the stabilizer in providing the required down load for balance, at high 
thrust levels and low speed. During an approach, if the thrust were to be abruptly increased to levels above 
the normal range, there could be a significant loss in the longitudinal control power as a result of stalling 
of the stabilizer and elevator. The data indicate that the increased lift capability offered by the USB flap 
technology could be augmented by improving the high negative lift characteristics of the horizontal tail. 
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CONCLUDING REMARKS 

This report presents the results of a flight program conducted to determine performance and longitu- 
dinal stability characteristics of the QSRA, an experimental aircraft designed and built to study the appli- 
cation of the upper-surface blown (USB)-flap powered-lift concept. Time-history records were obtained 
from flight maneuvers performed with the aircraft in landing-approach and take-off configurations, which 
covered a large range of engine thrust levels and angles of attack. All of the tests were done with the sta- 
bility augmentation system of the aircraft disengaged. The records were analyzed with a linear regression 
parameter estimation procedure to extract longitudinal stability and control derivatives. 

The static stability derivatives were used to calculate lift, drag, and pitching-moment curves for var- 
ious constant thrust coefficients selected to represent the conditions of the particular maneuvers. The lift 
characteristics of the aircraft in a landing configuration from these calculations show good agreement with 
the lift characteristics predicted for the aircraft based on tests of a large scale wind-tunnel model. 

Pitching-moment data for the aircraft in one landing approach configuration, in which the USB flaps 
were deflected 50", indicate that as the angle of attack is increased above about 9", there is a significant 
decrease in the magnitude of the static longitudinal stability derivative, e. This change in stability was 
not evident in data obtained with the USB flaps set at 66 " at similar lift coefficients. The larger flap angle 
provided higher lift coefficients at a given angle of attack, but also resulted in a considerable increase in 
the drag. Results from tests with the USB flaps undeflected, representing a take-off configuration, also did 
not indicate a decrease in the static stability as the angle of attack increased within the range covered, up 
to about 14 ". 

The aircraft has the capability to control its flightpath angle by setting direct-lift-control spoilers at a 
reference angle of deflection, from which they can be driven to angles from zero to about 28 ". The aerody- 
namic characteristics of the airplane with the spoilers at a reference angle of approximately 15" and with 
the USB flaps set at 50" were investigated. Compared with results for the aircraft with spoilers retracted, 
there was a significant decrease in lift for the same CY and CT, but the decreases differed considerably at 
different angles of attack and thrust coefficients. Deflecting the spoilers to 15" decreased the drag coef- 
ficient at a constant angle of attack because of the large decrease in the induced drag. In addition to this 
determination of the Characteristics of the aircraft with a fixed spoiler deflection, transient responses to 
spoiler deflections were recorded during portions of maneuvers in which the pilots applied doublet type 
inputs, moving them rapidly between 0 " and 28 ". The decrease in lift coefficient for a 15 " spoiler deflec- 
tion, calculated on the basis of the transient measurements (assuming a linear variation of lift and drag with 
deflection angle), at an angle of attack of lo", is about twice that computed from the fixed-deflection data. 
At small negative angles of attack, this decrease is less than that computed from the fixed-spoiler tests. 

When the QSRA operates at high levels of thrust and relatively low airspeed in a landing approach 
configuration, a large negative lift on the horizontal tail is required for trim. During some of the test 
maneuvers under these conditions, additional down load on the tail was applied for nose-up pitch control. 
For some tests the data indicate that the elevator was losing effectiveness as a result of lower-surface 
stalling. An estimate of this change in effectiveness was obtained by including in the equations of motion 
for the aircraft the assumption that the variation of pitching moment with elevator deflection was a parabolic 
function. Some of the pitching moment curves, C, vs. CL, plotted for conditions where large down 
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r are expected, indicated tha th magniti je of the static stabilit: derivative of the 
aircraft decreased as the angle of attack decreased to zero and negative values. This effect is attributed to 
a beginning of a stall on the entire horizontal stabilizer. There were several test maneuvers that showed 
evidence of this decreased stability at small cy, but during the maneuvers at times relatively large angles of 
attack were attained. In these cases, it was found that the mathematical model for the motion was improved 
by assuming that the pitching moment variation with angle of attack was a third order function, such that 
at some point the curvature of the moment curve could change sign. 
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APPENDIX 

DATA REDUCTION 

Corrections to aerodynamic data that were applied as part of the data reduction are taken from tests con- 
ducted prior to those that are the subject of this report. The vane indicated angle of attack, ai, was corrected 
by adding the increment A a, given by the following formula, in degrees. 

I ACY = - 1 3  1. + 0.0182(SU - 5 5 . ) ]  - 0.12[ 1 .  + 1.5(6, - 55.) + O.OlOS( N - 60.)]ai 

- 0.0021a; (7) 

where 6, is the USB flap deflection angle in degrees and N is the engine fan percent rpm, averaged among 
the engines. 

Pitot static data corrections had been determined from low level flights in calm air under conditions 
where the true speed could be measured and the air density was known. The following formula was used 
to compute a correction which was added to the indicated airspeed (V,) in knots. 

A V = 0.3219 x F3 - 0.01231 x2 + 1.4762 V;. - 53.405 (8) 

The corrected dynamic pressure (q) was calculated from the equation, in  l b / f t 2  

q =  0.003385v2( 1. + AV(2.  + AV/y2)/V,)  (9) 

The corrected static pressure (P,) was computed from the indicated pressure (Pi) with the relation 

P, = Pi - 0.0033 85 A V ( 2 . + A V/ V,)  (10) 

The expression below was determined to be a suitable representation of the engine thrust as a function 
of fan percent rpm, Mach number M ,  ambient pressure ratio, and temperature. Defining T,. as the ratio of 

I absolute ambient to sea-level standard temperature and 

I P,. = P,/2116.15 
Nt = N / e r  

for one engine the thrust Tn was computed as 

Tn=P,.[(1.134+0.78M2)N: - (53 .3+27 .M2)Nt+6430M2 + 14201 

The thrust coefficient for the four engines is calculated as 
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The mass flow rate Ak of the air entering the engines was computed from the thrust and pressure ratio in 
slugs per sec as follows. 

= p’[0.4911 x 10-9(Tn/P7)2 + O.O0119(Tn/Pr + 2.5)] 
f i r  

The ram drag coefficient was calculated from the following relations, in which & is the true airspeed in 
feet per second and the mass flow is summed for the four engines. 

In the drag and moment data presented in this report, the ram drag effect has been removed. 

The longitudinal and normal accelerations in the equations of motion are at the aircraft c.g. The 
accelerometer package was located in the horizontal plane of the c.g., 1.45 ft behind the quarter-chord 
point of the mean aerodynamic chord and 0.71 ft to the left of the plane of symmetry. The quantities Xa 
and Ya which in the equations below represent the distances of these instruments from the c. g. for the test 
conditons are negative in sign. Accelerations were transferred to the c. g. with the equations 

and 
ax = axi + (Xa(q2 + r2>  - ya(pq - +>>/g 

where axi and azi are the instrument measurements. 

Prior to the application of the parameter estimation program (ref. 9) the data records were smoothed 
and filtered with the preprocessing program as described by R. E. Bach, Jr. in “State Estimation Appli- 
cations in Flight-Data Analysis (A User’s Manual for SMACK)” (NASA RP, to be published). In Bach’s 
report, the program is employed for preprocessing data before executing a state estimation analysis. This 
preprocessing included the determination of the time derivatives of the measured angular rates to obtain 
the angular accelerations required in the equations of motion. 
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